Gelsolin is a calcium and pH-sensitive modulator of actin filament length. Here, we use X-ray crystallography to examine the extraction and exchange of calcium ions from their binding sites in different crystalline forms of the activated N and C-terminal halves of gelsolin, G1-G3 and G4-G6, respectively. We demonstrate that the combination of calcium and low pH activating conditions do not induce conformational changes in G4-G6 beyond those elicited by calcium alone. EGTA is able to remove calcium ions bound to the type I and type II metal ion-binding sites in G4-G6. Constrained by crystal contacts and stabilized by interdomain interaction surfaces, the gross structure of calcium-depleted G4-G6 remains that of the activated form. However, high-resolution details of changes in the ionbinding sites may represent the initial steps toward restoration of the arrangement of domains found in the calcium-free inactive form of gelsolin in solution. Furthermore, bathing crystals with the trivalent calcium ion mimic, Tb 3C , results in anomalous scattering data that permit unequivocal localization of terbium ions in each of the proposed type I and type II ionbinding sites of both halves of gelsolin. In contrast to predictions based on solution studies, we find that no calcium ion is immune to exchange.
Gelsolin is a calcium and pH-sensitive modulator of actin filament length. Here, we use X-ray crystallography to examine the extraction and exchange of calcium ions from their binding sites in different crystalline forms of the activated N and C-terminal halves of gelsolin, G1-G3 and G4-G6, respectively. We demonstrate that the combination of calcium and low pH activating conditions do not induce conformational changes in G4-G6 beyond those elicited by calcium alone. EGTA is able to remove calcium ions bound to the type I and type II metal ion-binding sites in G4-G6. Constrained by crystal contacts and stabilized by interdomain interaction surfaces, the gross structure of calcium-depleted G4-G6 remains that of the activated form. However, high-resolution details of changes in the ionbinding sites may represent the initial steps toward restoration of the arrangement of domains found in the calcium-free inactive form of gelsolin in solution. Furthermore, bathing crystals with the trivalent calcium ion mimic, Tb 3C , results in anomalous scattering data that permit unequivocal localization of terbium ions in each of the proposed type I and type II ionbinding sites of both halves of gelsolin. In contrast to predictions based on solution studies, we find that no calcium ion is immune to exchange.
Introduction
Cell movement and platelet activation are examples of processes in which actin filament numbers, positions and lengths are controlled dynamically by severing, capping and uncapping mechanisms that involve gelsolin. [1] [2] [3] During platelet activation, transient increases in phosphatidylinositol 4,5-bisphosphate (PIP 2 ) hydrolysis and calcium ion release result in gelsolin activation and the severing of actin filaments. These events are closely followed by PIP 2 accumulation in the membrane, which leads to the removal of the gelsolin caps and massive polymerization of actin at the large number of newly exposed filament ends. 2 The two halves of the gelsolin are held in an inactive state by interaction of G6 and the C-terminal extension with G2 (tail latch). Activation at physiological pH involves calcium, or calcium in conjunction with actin, releasing the tail latch and revealing the major actin-binding sites on G1, G2-G3 and G4. [4] [5] [6] The structural basis of pH activation of gelsolin below pH 6.0 is unknown. G1-G3 and G4-G6 are biologically relevant in isolation, as gelsolin is cleaved during apoptosis into its two halves by members of the caspase family of proteases.
8 G1-G3 joins the process of preparing a cell for death by dismantling its actin-based filament systems in a manner that is free from direct regulation by calcium ions. Isolated G1-G3 is capable of severing actin filaments in a calcium-independent manner that can be attributed to an initial attachment of G2 followed by a sequence of contacts with actin that pry open the G1-G3 latch. 5 In spite of the absence of strict regulation of the actin filament-severing ability of G1-G3, calcium ion binding to this fragment does influence its structure and activity, as demonstrated by a reduced hydrodynamic volume, diminished proteolytic susceptibility, and increased tryptophan fluorescence. 9, 10 Isolated G1 experiences a three-orders of magnitude increase in affinity for actin in the presence of calcium ions, and the Ca 2C occupying its type II site is reported to be locked into the G1-actin structure, inaccessible to chelation by EGTA. 11 Furthermore, transient binding of Ca 2C to G2 is proposed to facilitate the activation process. 5 Isolated G4-G6 retains an absolute requirement for calcium ions, in vitro at neutral pH, with respect to binding actin. 12 Tryptophan fluorescence and equilibrium dialysis experiments have provided evidence for two high-affinity calcium-binding sites in G4-G6 (K d values of 0.2 mM and 2 mM).
12 Given the lack of requirement for calcium for G1-G3 activity, the occupation of these two sites in G4-G6 is considered to be the minimum requirement to activate full-length gelsolin. A third, low-affinity calcium-binding site in G4-G6, characterized by K d Z100 mM, has also been identified from changes in susceptibility to chemical or enzymatic modification. 13, 14 Structural studies have demonstrated that there is a conserved calcium-binding site in each of the six gelsolin domains, referred to as type II binding sites. 15 Hence, biochemical and structural data concur that there are three calcium-binding sites in G4-G6. However, assignment of the calcium-binding sites has been controversial. In isolation, G4-G5 and G5-G6 bind calcium ions with K d values of 2 mM and 0.2 mM, respectively, while G4 and G5 alone do not bind calcium ions. 12 This led to assignment of the 2 mM site to G4, as this site lies at the interface of G4 with G5.
The 0.2 mM site was allocated to G6 due to its favorable location in the structure of inactive gelsolin to spring the tail latch. Finally, the low-affinity site was rationalized to be in G5 where it could stabilize the final activated structure through mediating the G5:G6 interface. 15 In contrast, a structure of the calcium-bound form of G4-G6 suggested that the two high-affinity calcium-binding sites lie in G5 and G6. 16 However, a higher-resolution structure of calcium activated G4-G6 revealed three bound calcium ions. 17 Re-evaluation of the data for the first structure led to the conclusion that all three calcium-binding sites are filled in both structures and neither structure provides strong evidence relating to the affinities for the calcium-binding sites. More recently, protease susceptibility studies have demonstrated protection of the loop between G5 and G6 at above 50 mM Ca 2C , leading the authors to conclude that the low-affinity calcium-binding site lies in G5. 13 Here, we probe the calcium-binding sites of the N and C-terminal halves of gelsolin by varying the free metal ion environment surrounding protein crystals. We verify two viable type I and six viable type II metal ion binding sites in the crystalline fragments. We also demonstrate the calcium ions bound into the parent crystals to be exchangeable, but find them to be held with modified affinities, within the crystal environment, with respect to those determined in solution. On extraction of calcium ions from G4-G6, we discover that replacement of Ca 2C by water may represent a possible intermediate state in the deactivation of gelsolin.
Results

Structures of G4-G6
G4-G6 crystals grown at pH 4.5 were washed repeatedly in calcium-free solutions at pH 4.5 or 8.0 and the structures were determined (Figure 1 and Figure 1 . A stereo representation of the polypeptide backbone of G4-G6. Red: from crystals grown at pH 4.5 and subjected to initial washing conditions at pH 4.5. Blue: from crystals grown at pH 4.5 and subjected to initial washing conditions at pH 8.0. Gold: from crystals grown at pH 8.0 and subjected to EGTA soaking conditions at that pH. Spheres coloured pink, green and orange represent calcium ions in the type II sites of G4, G5 and G6, respectively, in G4-G6 crystals grown at and subjected to initial washing conditions at pH 4.5. Table 1 ). The crystals were of the same space group, having three molecules per asymmetric unit and similar cell dimensions, as those found previously for G4-G6 crystals grown in 1 mM CaCl 2 at pH 7.5.
17
These three structures are essentially identical. All three type II calcium-binding sites in each of the G4-G6 molecules in the asymmetric unit display appropriate electron density and coordination to assert unequivocally that they are occupied by metal ions (Tables 2 and 3 ). These ions are consistent with being Ca 2C due to the crystallization conditions and reasonable B-factors on refinement as such ( Table 2) .
Inclusion of 1.0 mM EGTA in the washing media at pH 8.0 was able to remove calcium ions from type II calcium-binding sites in each of domains G4 (Figure 2 ), G5 ( Figure 3 ) and G6 ( Figure 4 ) ( Table 1) . Residual calcium ions could be detected only in one of the three copies of G5 (in molecule B) in the asymmetric unit. The overall structure of the EGTAextracted G4-G6 was that determined in the presence of calcium (Figure 1) , however, local conformational changes were observed around the vacated calcium-binding sites. Loss of calcium from the G4 type II site results in the release of the Thr524 carbonyl group from the metal ion-binding site and Peak heights are given for the metal ion-binding sites and associated B-factors for each of the refined data sets presented here and for the previously published high calcium data set at pH 7.5. 17 Avg refers to the mean value for the three molecules in the asymmetric unit. The boxed value highlights the unoccupied site.
a The average for only molecules A and B.
the disordering of the proximal loop (residues 526-528, Figure 2 Tables 2  and 3 ). This pH 4.5 G6 calcium-free conformation showed the same features as that determined at pH 8.0 in the presence of EGTA.
In an attempt to exchange rather than extract calcium ions from G4-G6, the crystals were washed in solutions lacking Ca 2C and EGTA, but containing (a) G4-G5, with the type II calciumbinding site of G4 enlarged in the lower part of the panel, taken from the high-resolution structure of G4-G6 subjected to the initial wash conditions at pH 4.5 (low calcium). G4 is depicted in pink and G5 in dark green. The G4 type II calcium ion is shown as a light green sphere and the ligating residues are drawn in ball-and-stick format. Arg526 also is depicted. (b) G4-G5, with the type II site of G4 enlarged in the lower part of the panel, taken from the structure of G4-G6 subjected to the EGTA soaking conditions at pH 8.0 (calcium extracted). Also depicted are the residues from (a). (c) G4-G5, with the type II site of G4 enlarged in the lower part of the panel, excised from the calcium-free structure of gelsolin (PDB i.d. 1D0N) 6 is depicted with the residues from (a). Here, Arg526 forms an ion-pair interaction with Glu475, which is a calcium ion ligand in (a). The green arrows highlight changes in the folding of the backbone of G5 on moving from (a) through to (c). 1.0 mM Tb 3C . Anomalous difference electron density maps were calculated after minimal refinement of the G4-G6 structure (Figure 6 (a) and Table 1 ). Peaks greater than 15 s were observed at each of the type II calcium-binding sites (Table 4) at both pH 4.5 and pH 8.0. Backwashing crystals that had been subjected to terbium soaking conditions with solutions containing excess Ca 2C resulted in loss of signal due to Tb 3C in all cases, confirming the exchangeability of the ions bound in the G4-G6 crystals.
Furthermore, low, but significant, occupancies were observed of the G4 type I calcium-binding site (18.17 s and 6.31 s, respectively, in molecules A and B at pH 4.5). Type I calcium-binding sites previously have been reported to be occupied only in structures of complexes containing both gelsolin and actin, sandwiched between G1 or G4 and actin. 15, 18 No other peaks were seen above 5 s in these maps (Figure 6(a) ). The identification of these type I sites as genuine metal ion-binding sites, even when lacking the negative charge of Glu167 from actin, encouraged re-examination of calciumbound structures already discussed here. Peak heights of 6.09 s and 4.39 s exist for the G4 type I site in the 2F o KF c electron density map for molecules B and C, respectively, in crystals subjected to the initial wash conditions at pH 4.5. These values are significant, but lower than those observed for the type II sites in the same crystal (Table 2) , suggesting a proportionately lower, but not negligible level of calcium occupancy. Similar (a) G5-G6, with the type II calciumbinding site of G5 enlarged in the lower part of the panel, taken from the high-resolution structure of G4-G6 subjected to initial washing conditions at pH 4.5 (low calcium). The calcium ion (pink) coordinating residues are drawn. Broken lines indicate electrostatic interactions of the side-chain of Arg542 with mainchain carbonyl groups at Gly731 and Trp732. 6 (b) G5-G6, with the type II site of G5 enlarged in the lower part of the panel, taken from the structure of G4-G6 subjected to EGTA soaking conditions at pH 8.0 (calcium extracted). Colours and residues are as in (a). (c) G5-G6, with the type II site of G5 enlarged in the lower part of the panel, from the calciumfree form of gelsolin (PDB i.d. 1D0N), 6 is shown in the same manner as (a). The orange curved arrow indicates the rotation of G6 relative to G5 that would be necessary to reach the inactive form of gelsolin from the activated form in (a). (a) G6 taken from the high-resolution structure of G4-G6 subjected to initial washing conditions at pH 4.5. The calcium ion (green) coordinating residues and water molecules (blue) are drawn. Broken lines indicate the coordination. Residue Asn647 forms a hydrogen bond to water 264 (Wat264), which itself is part of the coordination sphere. An enlarged image of the G6 type II calcium-binding site, with important residues labeled, is found in Figure 5 (a). Structure coloured purple represents regions of G6 that undergo conformational change on binding calcium. Chain coloured green or cyan is involved in contacts with G1-G3 in the calcium-free form of gelsolin (PDB i.d. 1DON). 6 Chain coloured green is additionally involved in actin interactions in G4-G6/actin (PDB i.d. 1H1V). 15 Two residues on the G6 main helix also are shown, Leu697 and Ser699. (b) G6 taken from the structure of G4-G6 subjected to EGTA soaking conditions at pH 8.0. Colours and residues are as in (a). An enlarged image of the G6 type II site in this structure, with important residues labeled, is found in Figure 5(b) . (c) G6 from the calcium-free form of gelsolin is shown in the same manner as in (a). Notably, Asn647 forms a hydrogen bond with Ser699 in this structure.
Calcium Ion Exchange in Crystalline Gelsolin
results were obtained at pH 8.0, however, all EGTA soaks showed zero occupancy of the G4 type I calcium-binding site.
Calcium exchange in G1-G3/actin
Two crystal forms of ordered G1-G3/actin were grown from solutions of the complex of full-length gelsolin bound to two actin molecules ( Table 4 ). The P3 1 21 form had been shown to contain G1-G3 bound to a single actin molecule resulting from proteolytic cleavage during crystallization. 5 The second crystal form, P6 5 22, in spite of a larger unit cell volume and the absence of detectable proteolysis, showed a molecular replacement solution only for G1-G3/actin. The packing of G1-G3/actin is sufficient to construct the entire crystal with space between the ordered G1-G3/actin regions to accommodate multiple orientations of G4-G6/ actin (unpublished results).
Washing both of these crystal forms containing G1-G3/actin with Tb 3C solutions yielded anomalous difference electron density maps in which all three type II metal ion-binding sites are occupied by terbium ions (Figure 7(a) ). A terbium ion also replaces the calcium ion previously detected in the type I site in both types of crystal. No other significant peaks were observed in the P6 5 (Figure 7(b) ).
Discussion
Overall structure of G4-G6
Here, we have demonstrated that the structure of calcium-bound G4-G6 determined from crystals grown at pH 4.5 is essentially identical with that determined at pH 7.5. 17 This finding indicates that the combination of activators, low pH and calcium, do not induce conformational changes in the C-terminal half of the molecule beyond those provoked by calcium alone. Furthermore, extraction of calcium ions from crystalline G4-G6 did not return the molecule to its calcium-free conformation (Figures 2-4 ) but locked G4-G6 in the activated conformation via the crystal contacts. This stabilization of G4-G6 in an activated yet calcium-free form provides an opportunity to assess the local conformational changes around the vacated calcium-binding sites, changes that may represent snapshots of the early events in the deactivation of gelsolin.
Type II sites in G4-G6
The three calcium ions in the type II sites in the C-terminal half of gelsolin, one in each of G4, G5 and G6, were observed to readily exchange with terbium ions and were able to be extracted with EGTA at pH 8.0 in line with solution studies. 12 Removal of calcium from the type II site in G4 resulted in the extraction of residue Thr524 from the metal ion-binding site and the disordering of the adjacent loop (residues 526-528; Figure 2 (a) and (b)). This loop contains Arg526, which in the inactive molecule interacts with Glu475 (Figure 2(c) ). Glu475 forms part of the calcium coordination in the activated molecule (Figure 2(a) ). Hence, loss of calcium at this site leads to loop flexibility allowing Arg526 to partially replace the calcium interactions culminating in a shift in the relative orientation of G4 with respect to G5 (Figure 2) . The adjustment to the position of G5 relative to G4 translates the start of the G5-G6 linker by 10 Å . This movement will provide tension in the G5-G6 linker and destabilize the common G4:G6 b-sheet (Figure 6(b) ).
In contrast, removal of calcium from the type II site in G5 resulted in only minor changes in a few side-chain residues (Figure 3(a) and (b) ). This calcium ion lies at the centre of the interface between G5 and G6, an interface that is absent from the inactive molecule (Figure 3(c) ). Crystal contacts lock the G5-G6 interaction, preventing the dissociation of G6 from G5 that would result from the loss of calcium stabilization of this interface. Indeed, one molecule of G4-G6 within the crystal asymmetric unit at least partially retained its G5-bound calcium in the presence of EGTA. Furthermore, the initial soak conditions, in which calcium was observed in this site, contained calcium levels far below that reported for occupation of this site. 13 Thus, stabilization of the G5-G6 interface appears to increase the affinity of the G5 type II site for calcium. The interaction of G4-G6 with actin may also reasonably be expected to stabilize the G5-G6 interface leading to a modulation of the affinity of this site in the presence of actin. 15 Loss of calcium from the type II binding site in G6 led to the ordering of a water molecule by two of the calcium coordination sphere residues, Glu692 and Asp669, while Asp670 moved away from the site (Figures 4(a) and (b) and 5) . This observation provides an intriguing insight into the mechanism of deactivation of gelsolin, whereby the replacement of the calcium by water and the release of part of the coordination sphere may be a prerequisite for larger scale conformational changes throughout gelsolin. Curiously, at pH 4.5, EGTA was able to extract a calcium ion from the G6 type II site in only one molecule of the crystal asymmetric unit (molecule C), while all other type II sites remained occupied. EGTA is a poor chelator of calcium at this pH, and as such, these are mild extraction conditions, suggesting that the G6 site in molecule C has a lower affinity for calcium than all the other sites. The long helix of G6 (purple in Figure 4(a) ) in molecule C is slightly shifted with respect to the central b-sheet in comparison to the two other molecules in the crystal asymmetric unit (not shown). This helix provides part of the calcium coordination sphere, Glu692 ( Figure 5 ). Hence, holding the helix in a sub-optimal conformation lowers the affinity for calcium. In the absence of crystal contacts, we propose that the opposite mechanism prevails. Binding of calcium to the Figure 6 . The structure of G4-G6 at pH 4.5. (a) A stereo cartoon representation of the high-resolution structure of G4-G6 subjected to the initial wash conditions at pH 4.5. The domains arecoloured:G4,pink;G5,green;andG6,orange.Theterbiumanomalouselectrondensitymap,contoured at5s(cyan),issuperimposedontothestructure.Threeterbiumionpositions, characterized by the positive density in this map, are identical with the positions of type II calcium ions in this high-resolution structure and are labeled G4:II, G5:II and G6:II. The fourth terbiumion(G4:I)isin apositionwherecalciumisnot found in thehigh-resolutionstructure,butisfound in theG4-G6:actinstructure. 15 (b)Acartoonrepresentation ofG4-G6takenfrom the calcium-free form of gelsolin (PDB i.d. 1D0N), 6 for purposes of comparison. In this state, the core b-sheet of G4 (pink) abuts that of G6 (orange), constituting the G4-G6 latch.
type II site in inactive G6 (Figure 4 (c)) induces straightening of the long helix (purple in Figure 4 ), which in turn, alters the position of G4 interacting residues (such as Leu697) leading to the destabilization of the G4:G6 common b-sheet and the activation of G4-G6 ( Figure 6 ).
Type II sites in G1-G3
The calcium ion type II sites in the N-terminal half of gelsolin, within the G1-G3/actin complex, were also shown to be able to be occupied by terbium ions (Figure 7(a) ). Terbium replaces calcium in the type II sites of G1 and G3. However, the type II site of G2 does not bind calcium in the G1-G3/actin conformation, and hence, terbium fills a vacant site in this domain. 5 Furthermore, consistent with the lack of calcium occupancy of this site, in the G1-G3/actin structure, backwashing the Tb 3C -containing crystals with a 10 mM Ca 2C solution fails to remove this particular terbium ion from the structure (Figure 7(b) ). These observations confirm the existence of a valid type II metal ion-binding site in G2, which does not bind calcium in the G1-G3/actin conformation. 15, 19 This result is consistent with the mechanism whereby transient binding of calcium at the G2 site destabilizes inactive gelsolin and subsequently the ion is released by the stabilized active structure. 5 The type II ("intramolecular") Ca
2C
-binding site in the G1 has been proposed to contain a trapped calcium ion in the presence of actin. 11 In the G1-G3/ actin complex this particular calcium ion is readily exchanged for a terbium ion (Figure 7) . Furthermore, Figure 7 . Terbium ion substitution in G1-G3. (a) A cartoon representation of the structure of G1-G3/actin (PDB i.d. 1RGI). Actin is coloured blue and the domains of gelsolin are coloured: G1, red; G2, light green; and G3, yellow. The P3 1 21 terbium anomalous difference electron density map, contoured at 5 s (black) and derived from terbium-soaked crystals of G1-G3/actin, is superimposed onto the structure. Three terbium ion positions, characterized by the positive density in this map, are identical with the positions of type II metal ion-binding sites in the G1-G3/actin structure and are labeled G1:II, G2:II and G3:II. A fourth terbium ion (G1:I) is in a position where a type I calcium ion is found in the structure. 5 An actin-ATP-associated Tb 3C (labelled A) also is indicated. (b) A cartoon representation of the structure of G1-G3/actin, with a P6 5 22 Tb 3C anomalous electron density map superimposed, as in (a). In this case, the terbium ionsoaked crystals were backwashed with mother liquor containing 10 mM CaCl 2 and 0.2 mM Tb(NO 3 ) 3 . Tb 3C was replaced only at the type II sites in G1 and G3. The type II site in G2, which was unoccupied in the structure of G1-G3/ actin, and the type I site sandwiched between actin and G1 remained occupied by terbium ions.
backwashing the crystal with 10 mM Ca 2C successfully dislodged the terbium ion from this site. Hence, in the context of G1-G3/actin, the G1 type II calciumbinding site operates in a standard equilibrium fashion.
Type I sites in G1 and G4
The calcium ion in the type I metal ion-binding site in complexes of G1-G3 with actin can be exchanged for a terbium ion ( Figure 5) . Interestingly, when terbium-soaked crystals are backwashed with 10 mM Ca 2C , the Tb 3C sandwiched between actin and G1 at this site resists replacement (Figure 7(b) ). This may simply be another case where the increased charge on the terbium ion renders it the thermodynamically favored ion, consistent with the observation that calcium-binding sites often display a stronger affinity for Tb 3C than for Ca
2C
. 20 Previously, type I calcium ions had only been observed bound at the interface between G1 or G4 and actin. 15, 18 The terbium ion soaks of crystals of G4-G6 demonstrate that the type I site in G4 can be at least partially occupied in the absence of actin. In light of this result, inspection of 2F o KF c electron density maps determined from terbium-free G4-G6 crystals indicates partial occupancy of the G4 type I site by calcium, at 0-25%, relative to the type II sites. Partial occupancy of the type I sites suggests that calcium ions bound here contribute to the destabilization of the common b-sheet between G4 and G6 during calcium activation (Figure 6(a) ), as previously speculated. 6 Furthermore, as type I calcium ions are coordinated by residues both from gelsolin and actin in the complex, calcium ion concentration will directly affect the affinity of gelsolin binding to actin.
Materials and Methods
G4-G6 crystals
G4-G6 was expressed and purified as described. 17 A slight modification of the published crystallization conditions resulted in reproducible crystals grown at pH 4.5 rather than at pH 7.5. Briefly, a solution of G4-G6 at 20 mg/ml in 150 mM NaCl, 1 mM CaCl 2 , 10 mM TrisHCl (pH 8.0) was mixed 1:1 (v/v) with the precipitant, 20% (w/v) PEG 8000, 100 mM sodium acetate (pH 4.5) at 4 8C, and subjected to batch crystallization. Crystals appeared after two days and were allowed to grow for two weeks before being transferred into the solutions described below.
Initial soak: A crystal (approximately 0.4 mm! 0.2 mm!0.2 mm) was transferred, using a loop that matched its size, into a 5 ml drop containing 20% (w/v) PEG 8000, 20% (v/v) glycerol and buffered to pH 4.5 using 100 mM sodium acetate, or to pH 8.0 using 100 mM Tris-HCl. After gently stirring the drop for 30 s, the crystal was transferred to a second drop of the same composition, also devoid of added calcium, and the procedure repeated twice more. The crystal was allowed to incubate for 1 h prior to transfer to a final drop of the same composition, where it rested for 20 h before being flash-frozen in liquid N 2 .
EGTA and terbium soaks: By the protocol described above, crystals were transferred into initial soaking solutions supplemented with either 1 mM EGTA or 1 mM Tb(NO 3 ) 3 . The crystals were flash-frozen after a final 20 h of incubation.
G1-G3/actin crystals and soaks
A complex containing a 1:2 gelsolin to actin mole ratio was prepared and subjected to crystallization conditions as reported. 5 Two different crystal forms were obtained. One, which crystallized in space group P3 1 21, was found by electrophoresis to contain G1-G3 and actin in an equimolar complex and yielded the G1-G3/actin structure with PDB i.d. 1RGI. 5 The second form crystallized in space group P6 5 22 and electrophoretic analysis of the crystals failed to reveal the existence of protoeolytic fragments of gelsolin or actin (unpublished results).
Crystals of both forms were harvested in loops of appropriate size, transferred to solutions of mother liquor supplemented with glycerol (20%) to which Tb(NO 3 ) 3 had been added to a final concentration of 0.2 mM (P6 5 22) or 1 mM (P3 1 21) , and soaked for 24 h. Subsequently, the P6 5 22 crystals were backsoaked for 12 h with solutions containing step-wise increases (0 mM, 0.1 mM, 1.0 mM and 10 mM) of Ca 2C in combination with 0.2 mM Tb 3C . Subsequently, all crystals were flash-frozen in their respective soaking conditions.
Data collection and analysis
X-ray diffraction data were collected at 100 K at ID 7-11, MAX-Lab synchrotron facility, Lund, Sweden. The data sets were indexed using MOSFLM and scaled and merged in SCALA (Tables 1 and 4) . 21 The pH 7.5 G4-G6 structure (PDB i.d. 1P8X), from which the calcium ions had been removed, was refined as a rigid body against each G4-G6 data set. The resulting models were subject to positional and individual B-factor refinement using REFMAC5. 21 Next, an anomalous difference electron density map was calculated for the G4-G6 terbiumsoaked data set and this structure was not subjected to further refinement.
Similarly, the G1-G3/actin structure (PDB i.d. 1RGI), from which the calcium ions were removed, was refined as a rigid body against the terbium-soaked P3 1 21 G1-G3/ actin data set before the anomalous difference electron density map was calculated. Finally, the terbium-soaked P6 5 22 G1-G3/actin data sets were subject to molecular replacement using the G1-G3/actin structure (PDB i.d. 1RGI with calcium ions removed) as a search model in the CCP4 version of AMoRe. 21 Following rigid body refinement, anomalous difference electron density maps were calculated.
The initial soak and EGTA soaked G4-G6 data sets were put through several rounds of model building and refinement with reference to both standard electron density maps and those enhanced by WARP. 21 Calcium ions were added prior to the last round of refinement. Model building was carried out in the program O, 22 and model validation using PROCHECK. 21 MOLSCRIPT was used in preparing the final Figures. 23, 24 PDB accession numbers Atomic coordinates discussed in this work for gelsolin domains G4-G6 have been deposited with the RCSB Protein Data Bank with accession codes: 2FH1, 2FH2, 2FH3 and 2FH4.
